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ABSTRACT
Accurate chromosome segregation is required for cell survival and organismal development.
During mitosis, the spindle assembly checkpoint acts as a safeguard to maintain the high
fidelity of mitotic chromosome segregation by monitoring the attachment of kinetochores to
the mitotic spindle. Bub1 is a conserved kinase critical for the spindle assembly checkpoint.
Bub1 also facilitates chromosome alignment and contributes to the regulation of mitotic
duration. Here, focusing on the spindle assembly checkpoint and on chromosome alignment,
we summarize the primary literature on Bub1, discussing its structure and functional domains,
as well its regulation and roles in mitosis. In addition, we discuss recent evidence for roles of
Bub1 beyond mitosis regulation in TGFβ signaling and telomere replication. Finally, we discuss
the involvement of Bub1 in human diseases, especially in cancer, and the potential of using
Bub1 as a drug target for therapeutic applications.
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When cells divide, they need to equally segregate the
duplicated genome to their daughter cells. Errors in
chromosome segregation cause aneuploidy, a pheno-
type observed in most cancer cells and associated with
birth defects (Santaguida and Amon 2015; Funk et al.
2016).
The kinetochore is a large multiprotein complex that
assembles on chromosomes to mediate the interaction
with mitotic spindle microtubules which facilitate
chromosome segregation. At the kinetochore the
‘KMN’ network composed of the Knl1/Mis12 and the
Ndc80 complexes mediates microtubule attachment.
Besides being required for microtubule attachment,
the ‘KMN’ network also coordinates orderly cell cycle
progression by activating the spindle assembly check-
point (SAC) when kinetochores are not attached to
microtubules. The SAC halts cell cycle progression until
all kinetochores are correctly attached. The target of
the spindle assembly checkpoint is the Anaphase Pro-
moting Complex/ Cyclosome (APC/C), a large E3 ubiqui-
tin ligase that triggers the degradation of key substrates
needed for chromatid separation and the execution of
mitotic exit (for review see (Cheeseman and Desai
2008; Musacchio and Desai 2017)).
Bub1 (budding uninhibited by benzimidazole 1), is a
conserved mitotic Serine/Threonine kinase first
identified in budding yeast (Hoyt et al. 1991). In addition
to the role in SAC signaling, Bub1 also promotes
chromosome alignment and is involved in APC/C acti-
vation (Kim et al. 2015; Yang et al. 2015; Kim et al.
2017). Here, we first summarize basic mechanisms of
the spindle assembly checkpoint. We then focus on
Bub1, first describing its functional domains before ela-
borating how Bub1 regulates mitosis progression.
Finally, we summarize recent evidence for roles of
Bub1 outwith mitosis regulation.
Spindle assembly checkpoint (SAC)
SAC components were initially identified via genetic
screens conducted in budding yeast. Normally, when
cells are treated with benzimidazole, a drug that disrupts
spindle microtubules, cells arrest in mitosis. In contrast,
mutants defective for SAC genes fail to arrest in
mitosis. Bub1, Bub3, and the mitotic-arrest deficient
(Mad) genes Mad1, Mad2, Mad3 (termed BubR1 in
higher eukaryotes) were found In the initial screens;
other SAC components such as Mps1 being identified
later (Hoyt et al. 1991; Li and Murray 1991;Weiss and
Winey 1996).
The SAC was extensively reviewed (Lara-Gonzalez
et al. 2012; Foley and Kapoor 2013; Musacchio 2015),
and we therefore only provide a brief summary of the
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SAC (Figure 1). During mitosis, once all kinetochores are
attached to the spindle microtubules, anaphase com-
mences. During anaphase, chromatid separation is irre-
versibly triggered by Separase, a specialist protease
that cleaves Cohesin rings encircling sister chromatids.
Separase becomes activated when released from
Securin, the critical target of APC/C dependent proteo-
lytic degradation. APC/C activation and ensuing
Securin degradation, Separase activation and Cohesin
cleavage occur only when all kinetochores are attached
to the spindle microtubules. In addition, inactivation of
the master mitotic kinase Cdk1 is also dependent on
APC/C dependent proteolytic degradation of Cyclin B,
to ensure that anaphase onset and Cdk1 inactivation is
tightly coupled.
APC/C inhibition is caused by the accumulation of
SAC components at unattached kinetochores, a
process that mediates the formation of the mitotic
checkpoint complex (MCC) composed of Mad2, Bub3,
BubR1, and Cdc20. A key step for SAC activation is the
conformational switch of Mad2, from an open to a
closed conformation, conferred by Mad1 residing at
unattached kinetochores. Mad2 in its closed confor-
mation binds to Cdc20, an essential co-activator of
APC/C. This, together with the MCC complex, blocks
the activation of APC/C (for reviews, Lara-Gonzalez
et al. 2012; Foley and Kapoor 2013; Musacchio 2015).
Once all kinetochores are attached to the spindle
microtubules, all SAC components are removed from
the kinetochore, leading the cessation of the checkpoint
signal allowing for APC/C activation and anaphase pro-
gression (for reviews, Pesin and Orr-Weaver 2008; Pines
2011).
In addition to the core SAC components, other kine-
tochore proteins including the RZZ (Zw10/Rod/Zwilch)
complex, the Aurora B-, Mps1- and Plk1 kinases, as well
as the PP1 and PP2A phosphatases are involved in regu-
lation of the SAC (Cheeseman and Desai 2008; Foley and
Kapoor 2013). Focusing on Bub1, we will discuss how the
Mps1 and Plk1 kinases, and the PP1 and PP2A phospha-
tases regulate Bub1, and how Bub1 may regulate RZZ at
the kinetochore to facilitate checkpoint activation and
normal chromosome segregation.
Bub1 structure
X-ray crystal structures and extensive domain analyses
revealed that Bub1 contains several conserved motifs
essential for its functions in SAC activation and mitosis
(Figure 2A). The N-terminal region of Bub1 is the most
conserved region, and a crystal structure of a budding
yeast N-terminal Bub1 fragment revealed a common
domain that comprises a triple-tandem arrangement of
tetratricopeptide repeat (TPR) motifs (Bolanos-Garcia
et al. 2009), which also occur in a wide variety of other
proteins including the p67-phox NADPH oxidase
Figure 1. Overview of the spindle assembly checkpoint (SAC) pathway highlighting Bub1 mediated anaphase promoting complex
(APC/C) regulation by Cdc20. Schematic of the spindle assembly checkpoint (Kim et al. 2017). When kinetochores are not attached
to the microtubules, SAC components accumulate at the kinetochores and facilitate the formation of the mitotic checkpoint
complex (MCC). The MCC inhibits the APC/C. Inactive APC/C fails to degrade cyclin B and Securin, preventing anaphase onset and
subsequent mitotic exit. Bub1 contributes to the spindle assembly checkpoint by recruiting Mad1-Mad2, Cdc20. Once kinetochores
are attached, APC/C activation is facilitated by the localized dephosphorylation of kinetochore bound Cdc20 mediated by PP1c.
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subunit, protein kinase R, and protein phosphatase 5
(Das et al. 1998). The N-terminal Bub1 TPR repeat con-
taining domain was shown to interact with a 12-
residue motif, termed KI (Lys-Ile)-motif residing in the
N-terminal region of the KNL1 kinetochore protein
(Figure 2) (Kiyomitsu et al. 2007; Kiyomitsu et al. 2011;
Krenn et al. 2012; Krenn et al. 2013).
Following the N-terminal domain there is a conserved
stretch of about 40 amino acid residues known as the
‘Bub3-binding motif’ originally described as ‘Gle20-
binding sequence motif’ (Figure 2A) (Larsen et al. 2007;
Primorac et al. 2013). Bub1 mutations that disrupt the
Bub3-binding motif abolish Bub1 kinetochore localiz-
ation and result in chromosome alignment defects. Con-
versely, mutations of Bub3 that disrupts the Bub1 and
Bub3 interaction interface decreases Bub1 kinetochore
localization (Taylor et al. 1998; Klebig et al. 2009). There-
fore, Bub1 and Bub3 kinetochore localization are
interdependent.
Bub1 also contains a central motif known as ‘ABBA
motif’ (for Acm1, Bub1, BubR1, and cyclin A) or ‘Phe
box’. Kinetochore recruitment of Cdc20, an event
central to the SAC, depends on the interaction
between the Bub1 ABBA motif and Cdc20 (Figure 2A)
(Di Fiore et al. 2015; Diaz-Martinez et al. 2015). Interest-
ingly, kinetochore localization of Cdc20 and its loca-
lized dephosphorylation (see below) are required for
the subsequent promotion of APC/C activation (Kim
et al. 2017). Thus, the transient localization of Cdc20
at the kinetochore is associated both with the inacti-
vation and the activation of the APC/C, needed for
cell cycle arrest and cell cycle progression respectively
(also see below).
Mammalian Bub1 also contains two KEN boxes,
degrons recognized by APC/C. Both KEN boxes are
required for Bub1-Cdc20 binding (Figure 2A) (Tang
et al. 2004; Qi and Yu 2007) The centrally located CD1
region (for conserved domain 1) was shown to recruit
Figure 2. Domain structure of human Bub1 and KNL1. A. Bub1 domains. Conserved domains are highlighted by color coding, with the
function of Bub1 domains being summarized below. B. KNL1 motifs and domains. Note that multiple ‘MELT’ phosphorylation motifs
needed for Bub1/Bub3 recruitment reside in the N-terminal half of the protein.
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Mad1, an interaction critical for SAC activation (Figure
2A) (London and Biggins 2014; Zhang et al. 2017).
Finally, the C-terminal third of Bub1 contains a con-
served Serine/Threonine kinase domain, preceded by a
‘N-terminal extension’. This latter domain uncovered
by structural analysis promotes Bub1 kinase activity by
stabilizing the active conformation of Bub1, analogous
to CDK activation conferred by cyclin binding (Figure
2A) (Kang et al. 2008) The Bub1 kinase domain directly
interacts with the CENP-F kinetochore protein.
However, the function of the kinetochore-associated
pool of CENP-F tethered by Bub1 is not clear (Ciossani
et al. 2018).
The function of Bub1 in the spindle assembly
checkpoint and the promotion of APC/C
activation
The function of Bub1 in the SAC is conserved from yeast
to nematodes, insects and mammals (Hoyt et al. 1991;
Basu et al. 1999; Meraldi and Sorger 2005; Essex et al.
2009). Bub1 activates the SAC by recruiting the Mad1-
Mad2 complex to unattached kinetochores (Figures 1
and 2) (Klebig et al. 2009; London and Biggins 2014;
Moyle et al. 2014). Bub1 derivates lacking the conserved
domain I, fail to recruit Mad1 and Mad2 to the kineto-
chore (Klebig et al. 2009). In budding yeast and human
cells, the central CD1 containing region of Bub1 can be
phosphorylated by the conserved protein kinase Mps1.
Phosphorylation of the corresponding Bub1 phosphoryl-
ation sites are required for Mad1 binding and SAC signal-
ing (London and Biggins 2014; Ji et al. 2017; Zhang et al.
2017). In addition, Mps1 also contributes to SAC acti-
vation by phosphorylating the C-terminal region of
Mad1, which promotes the interaction between Mad1
and Cdc20 and the assembly of the MCC (Faesen et al.
2017; Ji et al. 2017). The function of Bub1-CD1 to accu-
rately localize Mad1 to the kinetochore, was revealed
by experiments demonstrating that tethering of Mad1
or Mad2 to Bub1 bypasses the requirement of CD1 for
SAC activation (Zhang et al. 2017). In contrast in
C. elegans, the C-terminal BUB-1 kinase domain interacts
with MAD-1 as demonstrated by the yeast two-hybrid
method, and by point mutations disrupting the inter-
action interface of both proteins (Moyle et al. 2014).
Thus, in C. elegans, the BUB-1 kinase domain is required
for MAD-1 kinetochore recruitment.
In addition, the RZZ (Rod/Zw10/Zwilch) complex was
suggested to contribute to the kinetochore binding of
Mad1 in mammalian cells. Furthermore, human Bub1
was shown to recruit RZZ to the kinetochore, and tether-
ing of Mad1 to kinetochores bypassed the requirement
of RZZ for SAC signaling, suggesting that RZZ
contributes to SAC activation by recruiting Mad1 to
the kinetochore (Zhang et al. 2015; Zhang et al. 2019).
In summary, Bub1 contributes to the SAC signaling by
recruiting Mad1 to the kinetochore through direct and
indirect interaction (Figures 1 and 2).
Bub1 leads to SAC activation at unattached kineto-
chores by recruiting Cdc20 to the kinetochore through
the ABBA motif (Di Fiore et al. 2015; Diaz-Martinez
et al. 2015; Kim et al. 2017). Mutation of the ABBA
motif abolishes Cdc20 kinetochore localization and
abrogates SAC activity without affecting Mad1/Mad2
recruitment (Di Fiore et al. 2015; Diaz-Martinez et al.
2015; Kim et al. 2017). The ABBA motif of Bub1 is close
to the CD1 region of Bub1 that recruits Mad1 (Figure
2A). It is therefore likely that the kinetochore recruitment
Cdc20 through the ABBA motif of Bub1 brings Cdc20
close to Mad1/Mad2, thereby promoting the formation
of the MCC that inhibits the APC/C. In addition, Bub1
contributes to SAC activation by directly phosphorylat-
ing Cdc20 recruited to the kinetochore, and indirectly
by facilitating Cdc20 phosphorylation by recruiting the
Plk1 Polo kinase (Tang et al. 2004; Jia et al. 2016).
Unexpectedly (Figure 1, lower section), mutation of
the BUB-1 ABBA motif in C. elegans not only abolished
SAC signaling but also delayed anaphase onset (Kim
et al. 2017). A function of Bub1 in promoting anaphase
onset was also reported in budding yeast (Yang et al.
2015). Cdc20 contains conserved Cdk1 phosphorylation
sites at its N-terminus, and a non-phosphorylatable
C. elegans derivate of CDC-20 accelerated mitosis via
precocious APC/C activation (Kim et al. 2017). In line
with prior in vitro studies (Kramer et al. 2000; Yudkovsky
et al. 2000; Labit et al. 2012; Hein and Nilsson 2016), this
result suggests that Cdc20 phosphorylation by Cdk1
inhibits binding to and activation of APC/C. The non-
phosphorylatable derivate of CDC-20 bypassed the
need for CDC-20 kinetochore localization for promoting
APC/C activation, suggesting that CDC-20 dephosphory-
lation at the kinetochore is required for the promotion of
APC/C. This dephosphorylation is mediated by the KNL-
1-associated PP1c phosphatase, supported by exper-
imental evidence showing that perturbing PP1c or
CDC-20 kinetochore localization equally delays ana-
phase onset (Kim et al. 2017). The half-life of Cdc20 at
kinetochores is very short indicative of rapid turnover
rates (Howell et al. 2004; Kallio et al. 2002; Kim et al.
2017). The rapid flux of Cdc20 through the kinetochore
might be part of two opposing mechanisms. Cdc20 is
either incorporated into the MCC to inhibit APC/C in
response to unattached kinetochores, while promoting
Cdc20 dephosphorylation at attached kinetochores
may promote APC/C activation and cell cycle pro-
gression. As SAC signaling is activated at unattached
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kinetochores, microtubule attachment is likely to control
the fates of Cdc20. (Figure 1) Although the precise mech-
anism is not clear, this may involve the dephosphoryla-
tion of Cdc20 by phosphatase PP1, the activity of
which at the kinetochore is regulated by microtubule
attachment (Liu et al. 2010; Lesage et al. 2011; London
et al. 2012).
A key question of SAC activation, relates to the
problem of how a single unattached kinetochore leads
to the inhibition of all APC/C. The rapid flux of Cdc20
through the kinetochore might be part of a signal
amplification mechanism, where abundant Cdc20
protein is cycled through the kinetochore to allow for
the stoichiometric inhibition of APC/C in response to
unattached kinetochores. A mechanism which is coun-
tered by dephosphorylated Cdc20 generated at
spindle microtubule-attached kinetochores.
Kinetochore localization mechanism of Bub1
To act as a scaffold Bub1 needs to be recruited to the
kinetochore for checkpoint signaling and chromosome
alignment. Bub1 is amongst the first checkpoint com-
ponents to dock at the nascent kinetochore, and kineto-
chore binding is stable based on fluorescence
photobleaching recovery (FRAP) experiments (Howell
et al. 2004; Rischitor et al. 2007). The Bub1/Bub3
complex is recruited to the kinetochore by the core
outer kinetochore component KNL1 via multiple ‘MELT
(Met-Glu-Leu-Thr)’ motifs which upon being phosphory-
lated by Mps1 and Plk1 mediate Bub1/Bub3 recruitment
(London et al. 2012; Shepperd et al. 2012; Yamagishi
et al. 2012). Mechanistic details of this interaction were
uncovered by a co-crystal structure of the ScBub1258-
359/Bub3 complex in conjunction with a phosphorylated
MELT peptide (p-MELT) (Primorac et al. 2013): Conserved
Bub3 residues directly interact with the phosphorylated
MELT motif and Bub1 contributes to this interaction; the
binding affinity between Bub3 and p-MELT being
decreased ∼10-fold in the absence of Bub1. Based on
these results, the current model posits that in early
mitosis, Mps1 and Plk1 kinases recruit Bub1/Bub3
complex by phosphorylating tandem ‘MELT’ motifs
residing in the KNL1 outer kinetochore protein.
Once the Bub1/Bub3 complex interacts with KNL1,
the SAC can be initiated. At the same time Bub1/Bub3
recruitment facilitates faithful chromosome segregation
by mechanisms that are not entirely clear (Figure 2B).
The phospho-dependent recruitment of Bub1/Bub3
complex to kinetochore bound KNL1 is antagonized by
the PP1c phosphatase which is equally recruited to
KNL1 via a separate interaction domain. Substitutions
of conserved KNL-1 residues within the C. elegans PP1c
interaction domain perturb PP1c kinetochore recruit-
ment and increase kinetochore localization of the BUB-
1/BUB-3 complex, indicating that PP1c activity restricts
the extent of MELT motif phosphorylation (Kim et al.
2017). Although mechanisms are not clear, PP1c and
PP2A-B56 phosphatase activity might be equally
increased at kinetochores to dephosphorylate KNL1.
Thus, the dephosphorylation of KNL1 might be part of
a mechanism that silences the SAC once kinetochores
are attached to the spindle microtubules. The
phospho-specific interaction between Bub1/Bub3
complex and KNL1 appears to be supported by a sec-
ondary interaction surface provided by the N-terminal
TPR region of Bub1 (Kiyomitsu et al. 2007; Kiyomitsu
et al. 2011; Krenn et al. 2012; Krenn et al. 2013) (Figure
2A). While this interaction was confirmed by interaction
studies and structural evidence, abrogating this second-
ary interaction does not perturb Bub1 kinetochore
recruitment (Krenn et al. 2013). Given that the KNL1-KI
motif that mediates Bub1 binding is poorly conserved,
the interaction between the Bub1-TPR motif and the
KNL1 KI-motif may only function in higher eukaryotes,
and may only be used for the fine-tuning.
The function of Bub1 in chromosome
segregation
In addition to its function in recruiting checkpoint com-
ponents Mad1 and Cdc20, Bub1 also recruits a number
of other kinetochore proteins including Mad3/BubR1,
the centromere protein F (Cenp-F), and RZZ (Figure 2A)
(Johnson et al. 2004; Kiyomitsu et al. 2007; Klebig et al.
2009). siRNA-mediated depletion of BUB1 was shown to
result in chromosome alignment defects and lagging
chromosomes in human cells and other systems includ-
ing yeasts and C. elegans (Bernard et al. 1998; Gillett
et al. 2004; Meraldi and Sorger 2005; Kim et al. 2015).
Mad3/BubR1 is a core SAC protein which localizes to
the kinetochore through the interaction with Bub1.
Bub1 directly interacts with BubR1 in vitro, the inter-
action requiring the central amino acids Bub1 266–311
region (Overlack et al. 2014; Zhang et al. 2015). Kineto-
chore localization of BubR1 is not essential for a func-
tional SAC signal (Essex et al. 2009; Kulukian et al.
2009; Malureanu et al. 2009), but it is required for the
chromosome alignment (Lampson and Kapoor 2005;
Matsumura et al. 2007; Suijkerbuijk, Vleugel, et al.
2012). During mitosis, counteracting kinases and phos-
phatases work together to accurately mold kineto-
chore-microtubule interactions and to progressively
stabilize them during mitosis progression. Phosphatase
PP2A-B56 antagonizes Aurora B activity at the kineto-
chore to regulate kinetochore-microtubule interactions
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(Foley et al. 2011; Saurin 2018). BubR1 contains a motif
referred to as KARD (Kinetochore Attachment Regulatory
Domain), which interacts with protein phosphatase2A-
B56 α (PP2A-B56α), and mutation of the BubR1 KARD
domain showed an increased rate chromosome misa-
lignment (Suijkerbuijk, Vleugel, et al. 2012). In addition,
a BubR1 mutant, BubR1 (Δ432-484) which does not
affect the KARD domain is impaired for kinetochore
localization, and the corresponding cells showed
defects in promoting the formation of stable kineto-
chore-microtubule attachments (Overlack et al. 2014).
Bub1 also recruits CENP-F to the kinetochore
(Johnson et al. 2004; Cheeseman et al. 2005; Boyarchuk
et al. 2007; Klebig et al. 2009; Ciossani et al. 2018).
Direct interaction between the Bub1 kinase domain
and CENP-F was shown in vitro (Ciossani et al. 2018),
and expression of the Bub1 lacking its kinase domain
abolished kinetochore localization of CENP-F in human
HAP1 cells (Raaijmakers et al. 2018). Although depletion
CENP-F in human cells only leads to very mild mitotic
defects (Raaijmakers et al. 2018), the Bub1 lacking
kinase domain results in chromosome alignment
defects (Klebig et al. 2009; Raaijmakers et al. 2018).
These results indicate that the Bub1 C-terminal kinase
domain may recruit other downstream targets. Interest-
ingly, in C. elegans, BUB-1-dependent CENP-FHCP-1/HCP-2
kinetochore-localization promotes the formation of the
central spindle during anaphase (Maton et al. 2015).
Lastly, Bub1 contributes to the recruitment of Rod-
Zwilch-ZW10 (RZZ) in human cells. RZZ mediates the
recruitment of dynein-dynactin to kinetochores which
may be required for chromosome alignment (Griffis
et al. 2007). However, Bub1 Δ437-521 cells which show
a ∼70% reduction of RZZ kinetochore localization, are
nevertheless able to fully rescue chromosome alignment
(Zhang et al. 2015; Raaijmakers et al. 2018), indicating
that Bub1 dependent RZZ recruitment may not be a sig-
nificant factor for regulating chromosome alignment.
Bub1 kinase function
The kinase activity of Bub1 is highly conserved. Never-
theless, only two direct substrates of the Bub1 kinase
have been identified. Bub1 was shown to directly phos-
phorylate Cdc20 in vitro, and this phosphorylation may
directly contribute to the SAC signaling (Tang et al.
2004). Importantly, Bub1 phosphorylates histone H2A
at a conserved residue corresponding to threonine 121
in yeast to create a binding site for MEI-S32/Shugoshin
(Sgo) proteins, which in turn recruit the chromosomal
passenger complex (CPC) composed of Aurora B, inner
centromere protein (INCENP), Survivin and Borealin to
the centromere (Kitajima et al. 2005; Kawashima et al.
2010; Liu et al. 2013; Liu et al. 2015). The CPC complex
includes the Aurora B kinase, which plays a role in micro-
tubule attachment and SAC signaling (Krenn and Musac-
chio 2015). Also, in mammals, Sgo1 recruited by Bub1
forms a complex with protein phosphatase 2A (PP2A),
which in turn protects centromeric chromatid cohesion
at up to the metaphase-anaphase transition (Tang
et al. 2006; Eshleman and Morgan 2014). Although
Bub1 kinase activity contributes to faithful chromosome
segregation, Bub1 inactivation only leads to mild defects
in human cells. Treating HeLa and RPE1 cells with Bub1
kinase inhibitors leads to a ∼80% reduction of Sgo1 and
Sgo2, and the CPC subunits Aurora B and Borealin at
centromeres; INCENP being reduced by half and
Aurora B being redistributed to the chromosome arms
(Baron et al. 2016).
In addition, as the microtubule dynamics regulator
Mitotic Centromere-Associated Kinesin (MCAK) is regu-
lated by Aurora B, inhibition of Bub1 kinase activity
reduced MCAK levels by ∼50% at the inner centromere
(Baron et al. 2016). However, Bub1 inhibition did not
show a significant impact on mitotic progression and
SAC signaling (Baron et al. 2016). Given that a second
pathway involving the Haspin kinase also contributes to
the recruitment of the CPC to inner centromeres (Dai
et al. 2006;Wang et al. 2011), inhibiting Bub1 kinase activity
alonemay not have a drastic effect onmitotic progression.
Interestingly, it was recently suggested that Bub1
might also have roles independent of mitosis. It was
shown that Bub1 promotes TGF-β signaling in mouse
tumor tissues and that this is dependent on Bub1
kinase activity (Nyati et al. 2015). In addition, it was
suggested that the Bub1-Bub3 complex is targeted to
telomeres by binding to telomere-binding protein
TRF2 during S phase. Bub1 phosphorylates TRF1, which
in turn promotes the recruitment of the Blooms DNA
helicase which is need to overcome replication stress
(Li et al. 2018). It will be interesting to explore Bub1 sub-
strates beyond mitosis regulation.
Bub1 in cancer relevance
Aneuploidy, a common feature in most cancer cells, is
caused by an increased rate of chromosome mis-segre-
gation tightly associated with mitotic errors (Holland
and Cleveland 2012; Santaguida and Amon 2015; Funk
et al. 2016). Bub1 mutations, including deletions and
point mutations, as well as differential Bub1 gene
expression have been implicated in carcinogenesis
(Cahill et al. 1998; Ohshima et al. 2000; Hernando et al.
2001; Ru et al. 2002; Shichiri et al. 2002; Klebig et al.
2009; Wang et al. 2015). Bub1 overexpression in mice
resulted in aneuploidy and tumor formation likely
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mediated through Aurora B hyperactivation (Ricke et al.
2011). In addition, overexpression of BUB1 and the
MAD2 related protein MAD2L1 is associated with
aggressive tumors in breast cancer (Wang et al. 2015),
suggesting that dysregulation of SAC signaling may be
involved in chromosome instability and aneuploidy.
However, given the multiple roles of Bub1, it is not
clear which Bub1 function is critical for tumorigenesis.
Although treating cells with the Bub1 kinase inhibitor
BAY-320 or BAY-524 alone showed only minor effects in
mitotic progression or SAC function, combined treat-
ment with low doses of microtubule poison Paclitaxel
impaired chromosome segregation and cell proliferation
(Baron et al. 2016). These synergistic effects are particu-
larly drastic in highly aneuploid HeLa cells, suggesting a
potential use of Bub1 inhibitors for specifically killing
aneuploid cancer cells.
Final remarks
Since the initial discovery of the Bub1 and spindle
assembly checkpoint genes in the early 1990s, Bub1
has been extensively studied by structural, biochemical,
and cell-biological approaches. Bub1 contains several
conserved domains, and these domains contribute to
SAC signaling and to chromosome alignment by recruit-
ing Mad1-Mad2, Cdc20, RZZ, CENP-F, and BubR1/Mad3,
and by phosphorylating histone H2A and Cdc20. Inter-
estingly, Bub1 is not only required for mitosis but also
plays important roles outwith mitosis, promoting TGF-
β signaling and telomeric genome integrity by BLM heli-
case recruitment. If and how Bub1 contributes to further
processes not directly related to mitosis will be interest-
ing avenues of further investigation. Finally, a better
understanding the mechanism of Bub kinase activation
and the identification of further substrates during SAC
activation and normal cell cycle progression will facili-
tate the development of new approaches for specifically
killing cancer cells.
Acknowledgments
Work in the Kim lab is supported by the 2-year Research Grant
of the Pusan National University.
Disclosure statement
No potential conflict of interest was reported by the author(s).
Funding
This work was supported by Pusan National University: [grant




Baron AP, von Schubert C, Cubizolles F, Siemeister G,
Hitchcock M, Mengel A, Schröder J, Fernández-
Montalván A, von Nussbaum F, Mumberg D, Nigg EA.
2016. Probing the catalytic functions of Bub1 kinase
using the small molecule inhibitors BAY-320 and BAY-
524. Elife. 5:e12187.
Basu J, Bousbaa H, Logarinho E, Li Z, Williams BC, Lopes C,
Sunkel CE, Goldberg ML. 1999. Mutations in the essential
spindle checkpoint gene bub1 cause chromosome misse-
gregation and fail to block apoptosis in Drosophila. J Cell
Biol. 146(1):13–28.
Bernard P, Hardwick K, Javerzat JP. 1998. Fission yeast Bub1 is a
mitotic centromere protein essential for the spindle check-
point and the preservation of correct ploidy through
mitosis. J Cell Biol. 143:1775–1787.
Bolanos-Garcia VM, Kiyomitsu T, D’Arcy S, Chirgadze DY,
Grossmann JG, Matak-Vinkovic D, Venkitaraman AR,
Yanagida M, Robinson C V, Blundell TL. 2009. The crystal
structure of the N-terminal region of BUB1 provides
insight into the mechanism of BUB1 recruitment to kineto-
chores. Structure. 17(1):105–116.
Boyarchuk Y, Salic A, Dasso M, Arnaoutov A. 2007. Bub1 is
essential for assembly of the functional inner centromere.
J Cell Biol. 176:919–928.
Cahill DP, Lengauer C, Yu J, Riggins GJ, Willson JK, Markowitz
SD, Kinzler KW, Vogelstein B. 1998. Mutations of mitotic
checkpoint genes in human cancers. Nature. 392:300–303.
Cheeseman IM, Desai A. 2008. Molecular architecture of the
kinetochore-microtubule interface. Nat Rev Mol Cell Biol.
9:33–46.
Cheeseman IM, MacLeod I, Yates JR III, Oegema K, Desai A.
2005. The CENP-F-like proteins HCP-1 and HCP-2 target
CLASP to kinetochores to mediate chromosome segre-
gation. Curr Biol. 15:771–777.
Ciossani G, Overlack K, Petrovic A, Huis In ‘t Veld PJ, Koerner C,
Wohlgemuth S, Maffini S, Musacchio A. 2018. The kineto-
chore proteins CENP-E and CENP-F directly and specifically
interact with distinct BUB mitotic checkpoint Ser/Thr
kinases. J Biol Chem. 293:10084–10101.
Dai J, Sullivan BA, Higgins JMG. 2006. Regulation of mitotic
chromosome cohesion by Haspin and Aurora B. Dev Cell.
11:741–750.
Das AK, Cohen PW, Barford D. 1998. The structure of the tetra-
tricopeptide repeats of protein phosphatase 5: implications
for TPR-mediated protein-protein interactions. EMBO J.
17:1192–1199.
Diaz-Martinez LA, Tian W, Li B, Warrington R, Jia L, Brautigam
CA, Luo X, Yu H. 2015. The Cdc20-binding Phe box of the
spindle checkpoint protein BubR1 maintains the mitotic
checkpoint complex during mitosis. J Biol Chem.
290:2431–2443.
Di Fiore B, Davey NE, Hagting A, Izawa D, Mansfeld J, Gibson TJ,
Pines J. 2015. The ABBA motif binds APC/C activators and is
shared by APC/C substrates and regulators. Dev Cell.
32:358–372.
ANIMAL CELLS AND SYSTEMS 7
Eshleman HD, Morgan DO. 2014. Sgo1 recruits PP2A to
chromosomes to ensure sister chromatid bi-orientation
during mitosis. J Cell Sci. 127:4974–4983.
Essex A, Dammermann A, Lewellyn L, Oegema K, Desai A. 2009.
Systematic analysis in Caenorhabditis elegans reveals that
the spindle checkpoint is composed of two largely indepen-
dent branches. Mol Biol Cell. 20:1252–1267.
Faesen AC, Thanasoula M, Maffini S, Breit C, Müller F, van
Gerwen S, Bange T, Musacchio A. 2017. Basis of catalytic
assembly of the mitotic checkpoint complex. Nature.
542:498–502.
Foley EA, Kapoor TM. 2013. Microtubule attachment and
spindle assembly checkpoint signalling at the kinetochore.
Nat Rev Mol Cell Biol. 14:25–37.
Foley EA, Maldonado M, Kapoor TM. 2011. Formation of stable
attachments between kinetochores and microtubules
depends on the B56-PP2A phosphatase. Nat Cell Biol.
13:1265–1271.
Funk LC, Zasadil LM, Weaver BA. 2016. Living in CIN: mitotic
infidelity and its consequences for tumor promotion and
suppression. Dev Cell. 39:638–652.
Gillett ES, Espelin CW, Sorger PK. 2004. Spindle checkpoint pro-
teins and chromosome-microtubule attachment in budding
yeast. J Cell Biol. 164:535–546.
Griffis ER, Stuurman N, Vale RD. 2007. Spindly, a novel protein
essential for silencing the spindle assembly checkpoint,
recruits dynein to the kinetochore. J Cell Biol. 177:1005–1015.
Hein JB, Nilsson J. 2016. Interphase APC/C-Cdc20 inhibition by
cyclin A2-Cdk2 ensures efficient mitotic entry. Nat Commun.
7:10975.
Hernando E, Orlow I, Liberal V, Nohales G, Benezra R, Cordon-
Cardo C. 2001. Molecular analyses of the mitotic checkpoint
components hsMAD2, hBUB1 and hBUB3 in human cancer.
Int J Cancer. 95:223–227.
Holland AJ, Cleveland DW. 2012. Losing balance: the origin and
impact of aneuploidy in cancer. EMBO Rep. 13:501–514.
Howell BJ, Moree B, Farrar EM, Stewart S, Fang G, Salmon ED.
2004. Spindle checkpoint protein dynamics at kinetochores
in living cells. Curr Biol. 14:953–964.
Hoyt MA, Totis L, Roberts BT. 1991. S. cerevisiae genes required
for cell cycle arrest in response to loss of microtubule func-
tion. Cell. 66:507–517.
Ji Z, Gao H, Jia L, Li B, Yu H. 2017. A sequential multi-target
Mps1 phosphorylation cascade promotes spindle check-
point signaling. Elife. 6:e22513.
Jia L, Li B, Yu H. 2016. The Bub1-Plk1 kinase complex promotes
spindle checkpoint signalling through Cdc20 phosphoryl-
ation. Nat Commun. 7:10818.
Johnson VL, Scott MIF, Holt SV, Hussein D, Taylor SS. 2004.
Bub1 is required for kinetochore localization of BubR1,
Cenp-E, Cenp-F and Mad2, and chromosome congression.
J Cell Sci. 117:1577–1589.
Kallio MJ, Beardmore VA, Weinstein J, Gorbsky GJ. 2002. Rapid
microtubule-independent dynamics of Cdc20 at kineto-
chores and centrosomes in mammalian cells. J Cell Biol.
158:841–847.
Kang J, Yang M, Li B, Qi W, Zhang C, Shokat KM, Tomchick DR,
Machius M, Yu H. 2008. Structure and substrate recruitmen-
tof the human spindle checkpoint kinase Bub1. Mol Cell.
32:394–405.
Kawashima SA, Yamagishi Y, Honda T, Ishiguro K-I, Watanabe Y.
2010. Phosphorylation of H2A by Bub1 prevents
chromosomal instability through localizing shugoshin.
Science. 327:172–177.
Kim T, Lara-Gonzalez P, Prevo B, Meitinger F, Cheerambathur
DK, Oegema K, Desai A. 2017. Kinetochores accelerate or
delay APC/C activation by directing Cdc20 to opposing
fates. Genes Dev. 31:1089–1094.
Kim T, Moyle MW, Lara-Gonzalez P, De Groot C, Oegema K,
Desai A. 2015. Kinetochore-localized BUB-1/BUB-3 complex
promotes anaphase onset in C. elegans. J Cell Biol.
209:507–517.
Kitajima TS, Hauf S, Ohsugi M, Yamamoto T, Watanabe Y. 2005.
Human Bub1 defines the persistent cohesion site along the
mitotic chromosome by affecting Shugoshin localization.
Curr Biol. 15:353–359.
Kiyomitsu T, Murakami H, Yanagida M. 2011. Protein inter-
action domain mapping of human kinetochore protein
Blinkin reveals a consensus motif for binding of spindle
assembly checkpoint proteins Bub1 and BubR1. Mol Cell
Biol. 31:998–1011.
Kiyomitsu T, Obuse C, Yanagida M. 2007. Human Blinkin/
AF15q14 is required for chromosome alignment and the
mitotic checkpoint through direct interaction with Bub1
and BubR1. DevCell. 13:663–676.
Klebig C, Korinth D, Meraldi P. 2009. Bub1 regulates chromo-
some segregation in a kinetochore-independent manner. J
Cell Biol. 185:841–858.
Kramer ER, Scheuringer N, Podtelejnikov AV, Mann M, Peters
JM. 2000. Mitotic regulation of the APC activator proteins
CDC20 and CDH1. Mol Biol Cell. 11:1555–1569.
Krenn V, Musacchio A. 2015. The Aurora B kinase in chromo-
some bi-orientation and spindle checkpoint signaling.
Front Oncol. 5:225.
Krenn V, Overlack K, Primorac I, van Gerwen S, Musacchio A.
2013. KI motifs of human Knl1 enhance assembly of compre-
hensive spindle checkpoint complexes around MELT
repeats. Curr Biol. 24:29–39.
Krenn V, Wehenkel A, Li X, Santaguida S, Musacchio A. 2012.
Structural analysis reveals features of the spindle checkpoint
kinase Bub1–kinetochore subunit Knl1 interaction. J Cell
Biol. 196:451–467.
Kulukian A, Han JS, Cleveland DW. 2009. Unattached kineto-
chores catalyze productionof an anaphase inhibitor that
requiresa Mad2 template to prime Cdc20 for BubR1
binding. Dev Cell. 16:105–117.
Labit H, Fujimitsu K, Bayin NS, Takaki T, Gannon J, Yamano H.
2012. Dephosphorylation of Cdc20 is required for its C-box-
dependent activation of the APC/C. EMBO J. 31:3351–3362.
Lampson MA, Kapoor TM. 2005. The human mitotic checkpoint
protein BubR1 regulates chromosome-spindle attachments.
Nat Cell Biol. 7:93–98.
Lara-Gonzalez P, Westhorpe FG, Taylor SS. 2012. The spindle
assembly checkpoint. Curr Biol. 22:966–980.
Larsen NA, Al-Bassam J, Wei RR, Harrison SC. 2007. Structural
analysis of Bub3 interactions in the mitotic spindle check-
point. PNAS. 104:1201–1206.
Lesage B, Qian J, Bollen M. 2011. Spindle checkpoint silencing:
PP1 tips the balance. Curr Biol. 21:R898–R903.
Li F, Kim H, Ji Z, Zhang T, Chen B, Ge Y, Hu Y, Feng X, Han X, Xu
H, et al. 2018. The BUB3-BUB1 complex promotes telomere
DNA replication. Mol Cell. 70:395–407.e4.
Li R, Murray AW. 1991. Feedback control of mitosis in budding
yeast. Cell. 66(3):519–531.
8 T. KIM AND A. GARTNER
Liu H, Jia L, Yu H. 2013. Phospho-H2A and cohesin specify dis-
tinct tension-regulated Sgo1 pools at kinetochores and
inner centromeres. Curr Biol. 23:1927–1933.
Liu H, Qu Q, Warrington R, Rice A, Cheng N, Yu H. 2015. Mitotic
transcription installs Sgo1 at centromeres to coordinate
chromosome segregation. Mol Cell. 59:426–436.
Liu D, Vleugel M, Backer CB, Hori T, Fukagawa T, Cheeseman IM,
Lampson MA. 2010. Regulated targeting of protein phos-
phatase 1 to the outer kinetochore by KNL1 opposes
Aurora B kinase. J Cell Biol. 188:809–820.
London N, Biggins S. 2014. Mad1 kinetochore recruitment by
Mps1-mediated phosphorylation of Bub1 signals the
spindle checkpoint. Genes Dev. 28:140–152.
London N, Ceto S, Ranish JA, Biggins S. 2012.
Phosphoregulation of Spc105by Mps1 and PP1 regulates
Bub1 localization to kinetochores. Curr Biol. 22:900–906.
Malureanu LA, Jeganathan KB, Hamada M, Wasilewski L,
Davenport J, van Deursen JM. 2009. Bubr1 N terminus acts
as a soluble inhibitor of cyclin B degradation by APC/C
(Cdc20) in interphase. Dev Cell. 16:118–131.
Maton G, Edwards F, Lacroix B, Stefanutti M, Laband K, Lieury T,
Kim T, Espeut J, Canman JC, Dumont J. 2015. Kinetochore
components are required for central spindle assembly. Nat
Cell Biol. 17:697–705.
Matsumura S, Toyoshima F, Nishida E. 2007. Polo-like kinase 1
facilitates chromosome alignment during prometaphase
through BubR1. J Biol Chem. 282:15217–15227.
Meraldi P, Sorger PK. 2005. A dual role for Bub1 in the spindle
checkpoint and chromosome congression. EMBO J.
24:1621–1633.
Moyle MW, Kim T, Hattersley N, Espeut J, Cheerambathur
DK, Oegema K, Desai A. 2014. A Bub1-Mad1 interaction
targets the Mad1-Mad2 complex to unattached kineto-
chores to initiate the spindle checkpoint. J Cell Biol.
204:647–657.
Musacchio A. 2015. The molecular biology of spindle assembly
checkpoint signaling dynamics. Curr Biol. 25(20):R1002–
R1018.
Musacchio A, Desai A. 2017. A molecular view of kinetochore
assembly and function. Biology (Basel). 6:5.
Nyati S, Schinske-Sebolt K, Pitchiaya S, Chekhovskiy K, Chator A,
Chaudhry N, Dosch J, Van Dort ME, Varambally S, Kumar-
Sinha C, et al. 2015. The kinase activity of the Ser/Thr
kinase BUB1 promotes TGF-β signaling. Sci Signal. 8:ra1.
Ohshima K, Haraoka S, Yoshioka S, Hamasaki M, Fujiki T,
Suzumiya J, Kawasaki C, Kanda M, Kikuchi M. 2000.
Mutation analysis of mitotic checkpoint genes (hBUB1 and
hBUBR1) and microsatellite instability in adult T-cell leuke-
mia/lymphoma. Cancer Lett. 158:141–150.
Overlack K, Primorac I, Vleugel M, Krenn V, Maffini S, Hoffmann
I, Kops GJPL, Musacchio A. 2014. A molecular basis for the
differential roles of Bub1 and BubR1 in the spindle assembly
checkpoint. Elife. 4:e05269.
Pesin JA, Orr-Weaver TL. 2008. Regulation of APC/C activators
in mitosis and meiosis. Annu Rev Cell Dev Biol. 24:475–499.
Pines J. 2011. Cubism and the cell cycle: the many faces of the
APC/C. Nat Rev Mol Cell Biol. 12:427–438.
Primorac I, Weir JR, Chiroli E, Gross F, Hoffmann I, van Gerwen S,
Ciliberto A, Musacchio A. 2013. Bub3 reads phosphorylated
MELT repeats to promote spindle assembly checkpoint sig-
naling. Elife. 2:e01030.
Qi W, Yu H. 2007. KEN-box-dependent degradation of the Bub1
spindle checkpoint kinase by the anaphase-promoting
complex/cyclosome. J Biol Chem. 282:3672–3679.
Raaijmakers JA, van Heesbeen RGHP, Blomen VA, Janssen LME,
van Diemen F, Brummelkamp TR, Medema RH. 2018. BUB1 is
essential for the viability of human cells in which the spindle
assembly checkpoint is compromised. Cell Rep. 22:1424–
1438.
Ricke RM, Jeganathan KB, van Deursen JM. 2011. Bub1 overex-
pression induces aneuploidy and tumor formation through
Aurora B kinase hyperactivation. J Cell Biol. 193:1049–1064.
Rischitor PE, May KM, Hardwick KG. 2007. Bub1 is a fission yeast
kinetochore scaffold protein, and is sufficient to recruit other
spindle checkpoint proteins to ectopic sites on chromo-
somes. PLoS One. 2:e1342.
Ru HY, Chen RL, Lu WC, Chen JH. 2002. hBUB1 defects in leuke-
mia and lymphoma cells. Oncogene. 21:4673–4679.
Santaguida S, Amon A. 2015. Short- and long-term effects of
chromosome mis-segregation and aneuploidy. Nat Rev
Mol Cell Biol. 16:473–485.
Saurin AT. 2018. Kinase and phosphatase cross-talk at the kine-
tochore. Front Cell Dev Biol. 6:62.
Shepperd LA, Meadows JC, Sochaj AM, Lancaster TC, Zou J,
Buttrick GJ, Rappsilber J, Hardwick KG, Millar JBA. 2012.
Phosphodependent recruitment of Bub1 and Bub3 to
Spc7/KNL1 by Mph1 kinase maintains the spindle check-
point. Curr Biol. 22(10):891–899.
Shichiri M, Yoshinaga K, Hisatomi H, Sugihara K, Hirata Y. 2002.
Genetic and epigenetic inactivation of mitotic checkpoint
genes hBUB1 and hBUBR1 and their relationship to survival.
Cancer Res. 62:13–17.
Suijkerbuijk SJE, Vleugel M, Teixeira A, Kops GJPL. 2012.
Integration of kinase and phosphatase activities by BUBR1
ensures formationof stable kinetochore-microtubule attach-
ments. Dev Cell. 23:745–755.
Tang Z, Shu H, Oncel D, Chen S, Yu H. 2004. Phosphorylation
of Cdc20 by Bub1 provides a catalytic mechanism for APC/
C inhibition by the spindle checkpoint. Mol Cell. 16:387–
397.
Tang Z, Shu H, Qi W, Mahmood NA, Mumby MC, Yu H. 2006.
PP2A is required for centromeric localization of Sgo1 and
proper chromosome segregation. Dev Cell. 10:575–585.
Taylor SS, Ha E, McKeon F. 1998. The human homologue
of Bub3 is required for kinetochore localization of Bub1
and a Mad3/Bub1-related protein kinase. J Cell Biol.
142:1–11.
Wang Z, Katsaros D, Shen Y, Fu Y, Canuto EM, Benedetto C, Lu
L, Chu W-M, Risch HA, Yu H. 2015. Biological and clinical sig-
nificance of MAD2L1 and BUB1, genes frequently appearing
in expression signatures for breast cancer prognosis. PLoS
One. 10:e0136246.
Wang F, Ulyanova NP, van der Waal MS, Patnaik D, Lens SMA,
Higgins JMG. 2011. A positive feedback loop involving
Haspin and Aurora B promotes CPC accumulation at centro-
meres in mitosis. Curr Biol. 21:1061–1069.
Weiss E, Winey M. 1996. The Saccharomyces cerevisiae spindle
pole body duplication gene MPS1 is part of a mitotic check-
point. J Cell Biol. 132:111–123.
Yamagishi Y, Yang C-H, Tanno Y, Watanabe Y. 2012. MPS1/
Mph1 phosphorylates the kinetochore protein KNL1/Spc7
to recruit SAC components. Nat Cell Biol. 14(7):1–9.
ANIMAL CELLS AND SYSTEMS 9
Yang Y, Tsuchiya D, Lacefield S. 2015. Bub3 promotes Cdc20-
dependent activation of the APC/C in S. cerevisiae. J Cell
Biol. 209:519–527.
Yudkovsky Y, Shteinberg M, Listovsky T, Brandeis M, Hershko A.
2000. Phosphorylation of Cdc20/fizzy negatively regulates
the mammalian cyclosome/APC in the mitotic checkpoint.
Biochem Biophys Res Commun. 271:299–304.
Zhang G, Kruse T, Guasch Boldú C, Garvanska DH, Coscia F,
Mann M, Barisic M, Nilsson J. 2019. Efficient mitotic
checkpoint signaling depends on integrated activities of
Bub1 and the RZZ complex. EMBO J. 38:e100977.
Zhang G, Kruse T, López-Méndez B, Sylvestersen KB, Garvanska
DH, Schopper S, Nielsen ML, Nilsson J. 2017. Bub1 positions
Mad1 close to KNL1 MELT repeats to promote checkpoint
signalling. Nat Commun. 8:15822.
Zhang G, Lischetti T, Hayward DG, Nilsson J. 2015. Distinct
domains in Bub1 localize RZZ and BubR1 to kinetochores
to regulate the checkpoint. Nat Commun. 6:7162.
10 T. KIM AND A. GARTNER
